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Abstract:  31 
 32 
Aim  To infer species identity, population isolation, and geographic var ation in inter-specific 33 
hybridization among corals of the genus Porites from the central and eastern t opical Pacific, 34 
with a focus on the timing of separation between populations of P. evermanni and P. lobata 35 
divided by the Eastern Pacific Barrier. 36 
Location  Hawaii, American Samoa, Panama, and the Galapagos Islands of Ecuador 37 
Methods  Maximum likelihood gene trees were obtained for mitochondrial DNA (COI), the 38 
internal transcribed spacer (ITS), and 5 single-copy nuclear (scn) gene regions.  Allelic networks 39 
were used to group multi-locus scn data into species clusters despite some allele sharing.  40 
Coalescent analyses (IMa2) of the 5 scn markers were used to estimate the time of population 41 
divergence and test for introgression between P. evermanni and P. lobata.  42 
Results  Allelic  networks based on scn gene sequences agreed with mtCOI and ITS designations.  43 
Divergence times between Hawaiian and eastern Pacific populations are consistent with an early 44 
Pleistocene recolonization of the eastern Pacific by P. evermanni followed by a more recent 45 
arrival of P. lobata.  P. lobata and P. evermanni were fully isolated in Hawaii/American Samoa 46 
populations, but introgression from P. evermanni into P. lobata was evident in the eastern 47 
Pacific.  48 
Main conclusions  These results are consistent with a scenario where a bout of introgression 49 
with P. evermanni, an early-arriving colonizer of the eastern Pacific suited to marginal 50 
environmental conditions, facilitated the later colonization of the more sensitive P. lobata.   51 




Understanding how marginal populations withstand conditions that border their physiological 56 
tolerances may both foreshadow how they will deal with climatic change and provide insights 57 
into mechanisms that allow them to persist in environmentally challenging settings.  Marginal 58 
populations occupy unique habitats that may favor the mixing of lineages (Cruzan and Arnold 59 
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from providing genetic variation for adaptive change (Seehausen 2004, Hedrick 2013) to 61 
introgression leading to the extinction of one lineage (Rhymer and Simberloff 1996).   62 
 63 
The waters of the Eastern Tropical Pacific (ETP) present a marginal habitat to reef corals, both 64 
geographically and environmentally.  The ETP is physically isolated by the Eastern Pacific 65 
Barrier, which separates it from the central Pacific by over 5000 km.  Darwin (1880) saw this 66 
barrier as absolute for shallow water species.  Recent genetic work suggests that while some reef 67 
inhabitants experience ongoing gene flow across this span (echinoids: Lessios et al. 1998 ; 68 
teleosts: Lessios and Robertson 2006), the corals that build reefs do n t (Combosch et al. 2008, 69 
Baums et al. 2012).   70 
 71 
Just how long these populations have been isolated has been a matter of long-standing 72 
controversy among coral biogeographers.  McCoy and Heck (1976) viewed ETP corals as 73 
relictual populations derived from pan-Tethyan, proto-Caribbean species.  Divergence between 74 
central and eastern Pacific reef corals would thus date back over 4 Ma.  Dan  (1975) reasoned 75 
that the eastern Pacific corals had to reestablish themselves since the early Pleistocene following 76 
a regional extinction of reef builders (ca. 2 Ma).  Paleontological and ecological data reviewed 77 
by Cortés (1986) favored Dana's view.  Molecular data would seem suited for resolving the date 78 
of divergence, but to date any such efforts have been slowed by the slow rate of nucleotide 79 
substitution in coral mtDNA (Hellberg 2006) and the lack of calibration for single copy nuclear 80 
markers. 81 
 82 
Environmental conditions in the ETP are marginal for reef coral growth, with limited habitat, 83 
seasonal upwelling that creates temperature fluctuations, high sedimentation rates, and low 84 
aragonite saturation states, all different from those prevailing over most of the Indo-Pacific 85 
(Cortés 1997, Kleypas et al. 1999).  Just a few areas accumulate significant reef growth (Glynn 86 
and Wellington 1983) and major die-off events in the present (Glynn et al. 1983), loose reef 87 
cementation (Manzello et al. 2008), and historical gaps in net reef accretion (Toth et al. 2012) 88 
are testament to the tenuous hold reef corals have in the ETP.  Decreasing aragonite saturation 89 
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than most other reef-growing regions (Hoegh-Guldberg et al. 2007, Rixen et al. 2007), with 91 
increasing bioerosion enhancing the negative impact (Barkley et al. 2015). 92 
 93 
Living under the marginal conditions of the ETP may promote genetic exchange between species 94 
and facilitate their survival if such hybridization is adaptive (Rieseberg et al. 2003, Choler et al. 95 
2004).  Fossil data suggests that populations at the edge of coral distributions show high levels of96 
evolutionary novelty (Budd and Pandolfi 2010) due to the fusion or mixing of distinct lineages.  97 
Hybridization appears to be most likely when differentiated lineages come into first contact, as 98 
would have been the case immediately after recolonization of the ETP following a pre-99 
Pleistocene die-off. Gaskin et al. (2009), for example, found extensive hybridization among three 100 
congeneric tree species that have recently been introduced to Florida, even though the three are 101 
genetically distinct in their native Australia.  Genetic evidence from one of the ETP's two major 102 
reef building genera, Pocillopora, suggest introgression among species (Combosch and Vollmer 103 
2015), although coalescent analyses that can reveal past exchanges and date divergences between 104 
populations (Pinho and Hey 2010) have yet to be applied.   105 
 106 
Corals of the genus Porites are one of the principal reef builders in the ETP (Glynn and 107 
Wellington 1983).  Their genetic diversity (Baums et al. 2012) and species richness (Glynn and 108 
Ault 2000) are lowest in the ETP, steadily increasing to a maximum in the west central Pacific. 109 
A phylogenetic analysis based on mitochondrial cytochrome oxidase I and multi-copy ITS 110 
sequences (Forsman et al. 2009) found much of the described morphospecies diversity in this 111 
genus to be genetically intermingled with the widespread P. lobata and suggested that 112 
morphologically diagnosed P. lobata harboured a cryptic species within eastern Pacific 113 
populations.  Microsatellite work (Boulay et al. 2014) resolved two ecologically and genetically 114 
differentiated species in the eastern tropical Pacific: one the nominal P. lobata (Dana 1846) and 115 
the other P. evermanni (Vaughan 1907), a species earlier thought to be endemic to Hawaii, 116 
where it is clearly distinguished from P. lobata by its more columnar growth form.  The Eastern 117 
Pacific Barrier (Fig. 1) isolates populations of P. lobata to either side (other than perhaps 118 
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Here, we extend these findings by dating the isolation of eastern Pacific populations and te ting 121 
for signs of past interbreeding between P. lobata and P. evermanni. We: 1) revisit species 122 
delineation and phylogeny of common Porites species from central and eastern Pacific 123 
previously explored by Forsman et al. (2009) with mtDNA and ITS, 2) employ recent 124 
calibrations of single copy nuclear DNA (scnDNA) data to estimate how long populations of 125 
Porites in the eastern tropical Pacific have been isolated, and 3) determine whether introgression 126 
between P. lobata and P. evermanni is greater in their marginal geographical range than more 127 
central Pacific locales. 128 
 129 
Materials and Methods 130 
Sampling 131 
We collected genetic data from 47 individuals drawn from 12 nominal Pacific species of Porites 132 
(Fig. 1, Appendix S1).  31 of these individuals (including representatives of all 12 species) wer  133 
analysed previously by Forsman et al. (2009) using mitochondrial COI and a portion of the 134 
nuclear ribosomal internal transcribed spacer (ITS). hese 31 individuals were identified using a 135 
combination of consultation with regional experts and direct comparison to type specimens.  136 
Sample identifiers used here are cross-referenced to those inTable 1 of Forsman et al. (2009); 137 
although their "Porites sp. 2" has since been taxonomically described as P. randalli (Forsman 138 
and Birkeland 2009).   139 
 140 
We added 11 new samples of P. lobata from Hawaii, Galapagos, and Panama from the Pacific-141 
wide survey of Baums et al. (2012), along with three individuals of P. evermanni from Panama.  142 
P. evermanni and P. lobata co-occur in the eastern Pacific as morphologically near-identical 143 
colonies; the samples used here have been g netically screened as belonging to either taxon 144 
based on multi-locus clustering of 11 microsatellite markers (Boulay et al. 2014), which 145 
separated them into two distinct genetic clusters.  The two remaining new samples were of P. 146 
lutea and P. compressa (Appendix S1).   147 
 148 
Genetic markers 149 
Individuals were sequenced at five single-copy nuclear markers. Three were developed for work 150 
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coding region (Prada et al. 2014). ATPsß encodes an intron (Concepcion et al. 2008); primers 152 
have been modified to amplify more consistently in Porites (Prada et al 2014).  A fifth gene 153 
region, MM271, an intron (and short bits of flanking exon) was identified from cDNA from P. 154 
astreoides (Kenkel et al. 2013) and primers were developed (MM271f2: 5' - 155 
CGAGGGATGTCAACAACTTC -3', MM271R: 5'-AGCATTCCCTCCATTTCCTT-3').  156 
 157 
All i ndividuals were also sequenced for mitochondrial COI and selected individuals for ITS  158 
comparison to gene trees in Forsman et al. (2009) using the same primers a  those authors.  159 
Because ITS is multi-copy and its many copies may vary within individuals, ITS amplicons were 160 
cloned and positive clones were sequenced using the amplification primers.  Cloning was also 161 
used to resolve both alleles for heterozygous single-copy markers when one of the two alleles 162 
was not identical to identified homozygotes. 163 
 164 
Alignment and Gene Genealogies 165 
All marker regions surveyed included gaps except for mtCOI and MM32. Sequences were 166 
aligned using the phylogeny-aware algorithm of Löytynoja and Goldman (2008) implemented in 167 
the program PRANKSTER, which has been shown to outperform other multiple sequence 168 
alignment algorithms when indels are plentiful, as expected for loci encoding introns and on-169 
coding regions.  The open reading frame of marker MM100 also included indels; these were 170 
aligned in amino acid translation, then returned to nucleotide sequences.  The number of variable 171 
sites and informative sites with and without gaps was determined using DIVEIN (Deng et al. 172 
2010). 173 
 174 
Gene genealogies for each marker were constructed to establish relationships among alleles and 175 
reveal alleles from single individuals that fell into different clades. Gene genealogies were 176 
constructed using maximum likelihood analyses implemented in RAxML (Stamatakis 2014) on 177 
the CIPRES portal (Miller et al. 2010).  Resulting gene trees were rooted with P. hawaiiensis 178 
which, along with P. lichen, consistently fell out as sister to the other Pacific Porites sampled 179 
here (Forsman et al. 2009).  Gene trees were also reconstructed using Bayesian inference as 180 
implemented by MrBayes v3.2.1 (Ronquist et al. 2012) using models of evolution as predicted 181 
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parameters and ran ten MCMC chains for each dataset. We inferred parameters from a run of at 183 
least 20 million steps sampled every 20,000 steps after discarding 30% as burnin. All runs 184 
exhibit effective sample sizes  (ESS) greater than 200 and average standard deviation of split 185 
frequencies across runs lower than 0.05. 186 
 187 
Network analyses 188 
To quantify the overall genetic similarity of surveyed individuals, including some that may house 189 
divergent alleles, we used a network approach.  ThePOFAD algorithm (Joly and Brunneau 190 
2006) is somewhat analogous to a haplotype network in that it visualizes genetic similarity with 191 
few assumptions, but can do so for multiple loci and is thus especially useful for detecting 192 
reticulate evolution.  The data set we analyze here is similar to that for which the analysis was 193 
initially developed (9 congeneric nominal species, 39 individuals, 3 scn loci).  POFAD averages 194 
the genetic distance among individuals while accounting for allelic variation within individuals.  195 
We used the simple indel coding method (Simmons and Ochoterena 2000), which counts 196 
contiguous gaps as a single change, implemented in SeqState 1.4.1 (Müller 2006).  Geneticp-197 
distances among alleles were then calculated using PAUP* 4.0 b10 (Swofford 2003).  Gaps were 198 
treated as a fifth base because they are a common source of divergence between closely related 199 
taxa (Britten et al. 2003) and are phylogenetically informative (Joly and Bruneau 2006).  Genetic 200 
distances between individuals across loci were calculated with the program POFAD 1.07 (Joly 201 
and Bruneau 2006) and graphed with SplitsTree 4.13.1 (Huson and Bryant 2006).   202 
 203 
Isolation with Migration Analyses  204 
Migration rates between species and locations were performed using the program IMa2 (Hey 205 
2010).  IM (Won and Hey 2005) and its software descendants (IMa, IMa2) were designed to 206 
distinguish between ongoing genetic exchange and the sorting of ancestral variation following 207 
recent isolation; it estimates population divergence time plus five demographic parameters (the 208 
sizes of ancestral and both extant populations, a d asymmetrical migration rates), or a subset 209 
thereof, in the process.  The marginal likelihood's for each of the model's parameters are 210 
estimated by simulation using a Markov Chain Monte Carlo analysis, evaluating values over an 211 
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Priors for the IMa2 analysis were established during preliminary 24 h runs varying all 214 
parameters. After estimating prior values and mixing properties of the chains, we set up three 215 
runs per comparison. Each run had a burn in of 5,000,000 followed by at least 10,000,000 steps. 216 
Parameter trend lines were visually inspected for proper mixing and convergence. To compare 217 
among different runs, we used the scaled mutation rate 2Nm = 4Nµ(M/µ)/2. It combines the 218 
migration rate (m =M/µ) scaled by the population mutation rate parameter 4Nµ. Two datasets 219 
were analysed initially: a "strict" data set in which only individuals initially identified as being P. 220 
evermanni or P. lobata (either by morphological criteria or, for Panamanian samples, based on 221 
microsatellite data from Boulay et al. 2014) and a "broad" data set in which all individuals 222 
clustering with either P. evermanni or P. lobata in the POFAD analysis were included 223 
(essentially assuming that morphospecies like P. annae, whose members fall into both clades 224 
depending on geography, have no detectable genetic meaning).  Results for both data sets were 225 
quantitatively similar, so here we discuss the broad data set consisting of 14 P. evermanni and 34 226 
P. lobata alleles (a sampling similar to that employed in one of IM's foundational papers; Won 227 
and Hey 2005) for 5 nuclear genes.  We used the HKY mutation model, having removed indels 228 
from our sequences.   229 
 230 
We first used IMa2 to test whether a model that included migration between the two 231 
"populations" (either geographic regions or species) was significantly better than one based on 232 
strict isolation using model ranking and information theory (Anderson 2008, Carstens et al. 233 
2009), which uses Aikake Information criteria to determine whether the data warrant including 234 
all five demographic parameters or simpler subsets suffice.  Once a role for divergence was 235 
established (see Results), the time of divergence was estimated for each species using locus-236 
specific rates (mean = 0.138%/Myr) derived for nuclear genes from a fossil-calibrated phylogeny 237 
of Caribbean species of Porites (Prada et al. 2014).  The mean of these values is consistent with 238 
those inferred for thousands of nuclear loci from Acropora corals (Voolstra et al. 2011).  239 
Asymmetrical levels of migration between the Eastern Pacific and populations to the west of the 240 
Eastern Pacific Barrier were also estimated in terms of 2Nm, the effective number of gene copies 241 
per generation.  Finally, separate estimates of 2Nm between P. evermanni and P. lobata were 242 
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test whether the more marginal eastern Pacific populations showed evidence for higher levels of 244 
introgression.  245 
 246 
Results 247 
Genetic variation, gene trees, and congruency 248 
The single mitochondrial marker employed here (COI, 660 bp, no indels) showed low levels of 249 
variation, exposing just 7 haplotypes among all samples (Appendix S2).  Some of these 250 
haplotypes were specific to recognized taxa (P. randalli, P. lichen + P. hawaiiensis, P. rus + P. 251 
monticulosa) or a geographic locale (2 P. lobata from Hawaii).  All P. evermanni shared a single 252 
common haplotype that included Samoan samples of P. annae and P. lutea as well.  253 
 254 
ITS (878 bp aligned), the other marker used by Forsman et l. (2009), was far more variable (497 255 
sites) and informative (332 sites including gaps, 108 without).  While the gap placement and 256 
weighting schemes used between our analysis and Forsman et al. differed, the ITS trees 257 
(Appendix S3) agree: P. lobata and P. evermanni (including samples from Panama) fall into 258 
separate clades, P. rus and P. monticulosa (sometimes placed in their own subgenus, Synarea) 259 
are monophyletic and closer to the P. evermanni clade, and individuals morphologically 260 
identified as P. annae fall into both the P. lobata and P. evermanni clades. We extended the 261 
previous ITS data by obtaining sequences for multiple gene copies from 20 individuals.  Multiple 262 
sequences from a single individual were often grouped closely on the tree, forming clades with 263 
other intra-individual sequences and perhaps those of one other individual from the same 264 
sampled location (e.g. P. evermanni PanamaA and P. lobata GalapagosB).  This was not the 265 
rule, however, as some copies from a single individual fell several nodes away from other intra-266 
individual samples (e.g. P. lobata GalapagosB_4, HawaiiB), although never into both the lobata 267 
and evermanni clades.   268 
 269 
Variation at the five single copy nuclear markers was closer to that seen for ITS than for 270 
mtDNA.  Overall, 666 of the 1795 total aligned sites were variable, with 591 of these potentially 271 
informative.  Variation was highest for marker ATPaseβ.  This marker was rich in indels, as was 272 
the other intronic sequence, MM271.  We obtained genotypes for all individuals for the 5 scn 273 
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and PanamaC and P. lutea SamoaA (for ATPaseβ), and P. brighami (HawaiiA & B), P. lichen 275 
(SamoaA & B), P. lutea Haw and P. monticulosa SamoaA (for MM271). 276 
 277 
Gene trees from the single-copy markers (Fig. 2) showed less species monophyly than mtCOI 278 
and ITS and more variation in topology, although certainly generalities still hold.  The outgroup 279 
taxa (P. hawaiiensis, P. lichen, and P. randalli) are monophyletic here, although where they fall 280 
topologically varies among markers.  The alleles from the subgenus Synarea pair P. rus and P. 281 
monticulosa usually fall together, although t ey are intermingled with the P. evermanni clade for 282 
An1 and with P. duerdeni alleles for ATPaseβ.  One sample of P. lutea (SamoaA) tends to fall 283 
quite distantly from the other alleles, although some of its alleles fall within small clades 284 
consisting mainly of P. lobata alleles.  Two other samples identified as P. lutea fall closer to P. 285 
lobata or P. evermanni alleles.  Samoan samples identified as P. annae fall with P. evermanni 286 
alleles, while those from Hawaii group with P. lobata samples.  287 
 288 
Alleles from P. lobata and P. evermanni are usually distinct and generally fall into different 289 
clades, as for the ITS and mtCOI data, however exceptions are more numerous.  Only for one 290 
single copy marker (MM271) are the two reciprocally monophyletic.  For the four other markers, 291 
at least one allele is either identical to (ATPaseβ, MM100, MM32) or falls within a clade 292 
otherwise consisting of (An1) the other species.  Such phylogenetic mixing of allelescou d arise 293 
due to incomplete lineage sorting or interspecific hybridization.  Geographically restricted 294 
hybridization should be marked by more mixing within a particular population, a pattern that can 295 
be seen using phylogenetic networks based on the genetic distances between individual 296 
genotypes. 297 
 298 
Genotype networks and the resolution of P. evermanni and P. lobata 299 
Networks based on four nested datasets (Appendix S4) consistently revealed four divergent taxa 300 
(P. hawaiiensis, P. lichen, P. randalli, P. lutea SamoaA), a distinct branch setting apart the 301 
P.rus/P. monticulosa pairing, plus two major clouds of genotypes consisting of individuals allied 302 
with either P. lobata or P. evermanni.  Removing the four most divergent taxa, inspection of the 303 
networks (Fig. 3) suggests geographic subdivision within the P. lobata clades, with genotypes 304 
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evermanni samples likewise appear subdivided, with those from Hawaii close to P. annae 306 
samples from Samoa, while those from Panama spread themselves across the gap toward the P. 307 
lobata samples.  This intermediate position for just the P. vermanni samples from the single site 308 
eastern Pacific site (Panama) where they were collected in sympatry with P. lobata is consistent 309 
with introgression at this geographically peripheral locale. 310 
 311 
Introgression and divergence times 312 
Levels of introgression between P. evermanni and P. lobata appear to be higher in the eastern 313 
Pacific than in Hawaii and American Samoa.  Our model ranking suggest the full model, which 314 
includes terms for non-zero asymmetrical migration, best explains genetic variation in the 315 
Eastern Pacific, with little reason to consider an alternative one (odds ratio > 7, Table 1).  For 316 
Hawaii/Central Pacific, in contrast, models with no-migration in either way between species are 317 
best: the two best models (ABB00, ABC00) have zero migration in both ways and four out of the 318 
first six models have migration equal to zero in at least one way (Table 1).   319 
 320 
The probability densities for IMa2 estimates of one-way migration further support the isolation 321 
of P. evermanni and P. lobata in Hawaii and the central Pacific (Fig. 4).  Gene flow from P. 322 
lobata into P. evermanni in the Eastern Pacific had a peak posterior probability near zero (Fig. 323 
4), although with a broader probability distribution than for either of the central Pacific exchange 324 
estimates. Effective gene copies from P. evermanni into P. lobata in the Eastern Pacific, 325 
however, show a distinct peak (at 2Nm = 0.29), consistent with one-way introgression.  326 
 327 
Estimates of migration across the Eastern Pacific Barrier are roughly similar for the two species 328 
(Fig. 5).  More gene copies have moved from the eastern Pacific toward the west (peak 1.46) in 329 
P. evermanni than in the opposite direction.  P. lobata shows the same pattern, although 330 
differences between the peaks are less distinct.    331 
 332 
Estimates for the divergence time between eastern Pacific and more central Pacific populations 333 
(Fig. 6) had a maximum likelihood of 1.002 Ma for P. evermanni and 0.137 Ma for P. lobata. 334 
Although the probability distributions for these estimates were broad (Table 2), the chances of P.335 
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well defined between 0 to 500,000 years, with a sharp peak at ~137ka.  95% Highest Probability 337 
Distributions for both species included the beginning of the Pleistocene, about 2 Ma.  338 
 339 
Discussion 340 
Previous genetic data show that 1) morphospecies identification is an inconsistent predictor of 341 
genetic affinities within Porites (Forsman et al. 2009), as is the case for many coral 342 
morphospecies (Eytan et al. 2009, Stefani et al. 2011, Prada et al. 2014, Paz-García et al. 2015), 343 
and 2) eastern Pacific populations of P. lobata are genetically isolated from other regions of the 344 
tropical Pacific (Baums et al. 2012). Genetic data from these studies (mtDNA and ITS in 345 
Forsman et al. 2009, microsatellites in Boulay et al. 2014) also reveal that colonies 346 
morphologically diagnosed as P. lobata include a cryptic species (P. evermanni).  However, 347 
given the low divergence of the former and the multi-copy intra-individual variation of the latter, 348 
these genetic markers cannot resolve the long-standing biogeographic controversy of the timing 349 
of the split of eastern Pacific reef corals either (Lessios 2012).  Here, we used sequences from 350 
one mitochondrial and five single copy nuclear genes to build gene trees from samples of 12 351 
morphospecies of Pacific corals of the genus Porites.   352 
 353 
Gross inspection of the gene trees (Fig. 2) and genotypic networks (Fig. 3, Appendix S2, S3, S4) 354 
that we obtained were broadly consistent with previous phylogenetic analysis (Forsman et al. 355 
2009).  The two species we had chosen as outgroups (P. randalli and P. hawaiiensis) were 356 
distinct from each other and distant from all other species, while a clade of the two species 357 
placed in the subgenus Synarea (P. rus and P. monticulosa) by Verrill 1864 also formed a group 358 
distinct from all others.  The remaining samples, representing colonies identified 359 
morphologically as belonging to six different species, generally fell into one of two clusters (Fig. 360 
3, Appendix S4): one aligned with P. lobata and the other with P. evermanni.  Having 361 
established that our nuclear gene sequences show the same major divisions as previous work 362 
based on mitochondrial and multi-copy ITS sequences (Forsman et al. 2009), we proceeded to 363 
analyse colonies from the P. lobata and P. evermanni clusters to address question concerning the 364 
history of reef corals in the eastern Pacific. 365 
 366 
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The ETP has long been seen as offering marginal conditions for reef coral growth, but the extent 368 
and duration of its isolation has been more contentious.  Three possible time frames for 369 
connections to the central Pacific have been posited: residual relatedness dating back to the early 370 
Pliocene (McCoy and Heck 1976), recolonization of the ETP during the Pl istocene (Dana 1975, 371 
Cortés 1986), and potentially ongoing migration (Richmond 1990).  For Porites lobata, the latter 372 
possibility was ruled out by Baums et al. (2012) based on Bayesian clustering of microsatellite 373 
data, which showed eastern Pacific (except Clipperton Island) populations to be isolated from 374 
those to the west.  The present study can now eliminate the first possibility for P. lobata and P. 375 
evermanni as well.  While the probability distributions for estimates of divergence time were 376 
large for both species, they categorically exclude any divergence pre-dating 4 Ma, with the 377 
highest probabilities falling firmly within the Pleistocene.   378 
 379 
While some species do show patterns of genetic variation consistent with ongoing gene flow 380 
across the Eastern Pacific Barrier, the range of initial isolation (= recolonization) times we found 381 
are broadly consistent with those species showing such isolation (Lessios and Robertson 2006).  382 
Moreover, the direction of any inferred post-isolation migration is also consistent with other 383 
studies: for both two species of reef fish (Lessios and Robertson 2006) and a cone snail (Duda 384 
and Lessios 2009), migration went westward from the eastern Pacific, as seen here for P. 385 
evermanni (Fig. 5).  386 
 387 
Unexpectedly, the IM analysis (Fig. 4, Table 2) further suggests that P. evermanni and P. lobata 388 
did not arrive in the eastern Pacific simultaneously. P. evermanni appears to have arrived 389 
substantially earlier than its congener.  While both species occur in the eastern Pacific, P. 390 
evermanni is more common at reefs growing immediately along the continental shoreline 391 
(Boulay et al. 2014) and more generally in environments with greater upwelling and cooler, 392 
more productive waters (including Isla Española in the Galapagos).  P. lobata, in contrast, 393 
dominates the warmer, clearer waters surrounding most islands.   394 
 395 
The different inferred divergence times might also reflect differences in the persistence of each 396 
species in the eastern Pacific.  Reef cores from Panama (Toth et al. 2012) revealed a ca. 2 kyr 397 
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reef builder in that area.  A similar episode occurred in Costa Rica (Cortés et al. 1994) on reefs 399 
that also included corals that were morphologically ssigned to Porites lobata.  Both of these 400 
gaps in reef accretion have been attributed to e eriorating environmental conditions.   401 
 402 
Given the cooler temperatures (Dana 1975) and fluctuating sea levels (Cortés 1986) that 403 
prevailed in the Pleistocene, the difference in stimated arrival times for the two species is 404 
consistent with differences in their ecological tolerances: the species (P. evermanni) whose 405 
present-day distribution suggests hat it is better suited to marginal conditions either arrived first 406 
or was better able to persist during episodes unfavorable to reef growth.  But did the 407 
establishment of P. evermanni facilitate the arrival of its more narrowly-tropical kin?   408 
 409 
Introgression in the Eastern Tropical Pacific 410 
Hybridization can introduce adaptive variation into populations (Arnold 1997, Ries berg et al. 411 
2003).  That hybridization may occur in marginal marine populations is supported by two 412 
general observations.  First, peripheral populations commonly harbour less genetic variation than 413 
more central ones (Hellberg 1994, Johannesson and Andre 2006, Nunes et al. 2009), although 414 
this has been based on observations f presumably neutral genetic markers rather than at 415 
demonstrably adaptive loci.  Second, hybridization occurs frequently in disturbed or stressful 416 
habitats and when one species is more common than the other (Hubbs 1955, Fogarty et al. 2012).  417 
 418 
Our results suggest that P. evermanni and P. lobata have exchanged genes in the eastern Pacific, 419 
but not in Hawaiian/central Pacific populations.  Best-fit models for isolation and migration 420 
include a term for inter-specific exchange in eastern Pacific populations, but not central Pacific 421 
ones (Table 1).  Peaks for the probability distributions for estimates of exchange in Hawaiian/CP 422 
populations approach zero (Fig. 5), as does that (albeit broader) for movement from P. lobata 423 
into P. evermanni in the eastern Pacific.  A deeper sampling of complete mitochondrial genomes 424 
and RAD markers shows no evidence of hybridization between P. lobata and P. evermanni in 425 
Hawaii (ZHF and RJ Toonen, unpub. data).   426 
 427 
Given the difficulties in matching morphospecies to genetic entities, other specie , including 428 
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for such broader introgression should be more plentiful in the central Pacific, where many more 430 
free-spawning Porites species co-occur, than in the eastern Pacific, where just the two studied 431 
here are found.  The IM analyses showing less introgression in Hawaii and Samoa th n the ETP 432 
(Fig. 3), however, opposite the prediction based on opportunities for interspecific mixing.  A 433 
third free-spawning Porites (P. rus) has been reported from Costa Rica (although not since the 434 
1982-83 El Niño; Cortés and Guzmán 1998), and two colonies of P. evermanni share alleles with 435 
P. rus at one marker locus (An1; Fig. 2).  Those two colonies came from Panama, however, not 436 
from Hawaii where P. evermanni co-occurs with P. rus.   437 
 438 
Hybridization is now recognized as being more common in the sea than previously thought 439 
(Gardner 1997) and seems to be especially prevalent in isolated populations (Yaakub et al. 440 
2006), including those at range margins (Strelkov et al. 2007, Marino et al. 2013).  Among 441 
corals, reticulate evolution has been suggested (Veron 1995) and hybridization has been reported 442 
from the hyper-diverse genus Acropora (van Oppen et al. 2001, Ladner and Palumbi 2012).  443 
Outside of Acropora, however, most reports of hybridization come from marginal populations.  444 
For example, the three species of Montastraea (Orbicella) are more morphologically distinct and 445 
genetically isolated in Panama than in the more marginal Bahamas (Fukami et al. 2004).  In the 446 
eastern Pacific, Combosch et al. (2008) inferred hybridization between Pocillopora damicornis 447 
and a couple of close relatives using ITS sequences, a pattern consistent with later surveys of 448 
pooled RAD-Seq data (Combosch and Vollmer 2015). Pinzon et al. (2013), using ITS, 449 
microsatellites and a mitochondrial marker on a broader sampling of Pocillopora, saw more 450 
sharply defined species but still reported the greatest degree of introgression to be in the eastern 451 
Pacific (they saw a hint of mixing in Hawaii as well).   452 
 453 
The gene exchange seen in the eastern Pacific appears to move in just one direction, from P. 454 
evermanni into P. lobata (Fig. 5).  The relative densities of the two species during their initial 455 
contact at recolonization may explain this pattern.  Low abundance of potential mates can 456 
promote heterospecific pairing (Maruska and Peyton 2007, Montanari et al. 2014) and numerical 457 
imbalances have long been associated with one-way introgression in marine fish (Hubbs 1955, 458 
Yaakub et al. 2006).  If  P. evermanni were already well-established when P. lobata arrived, then 459 
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inferred direction of genetic exchange.  Numerical imbalances aside, hybridization appears to be 461 
especially likely immediately after recolonization (Lancaster et al. 2006) and theory predicts that 462 
introgression should proceed from the locally established population into the invading one 463 
(Currat et al. 2008), as seen here. 464 
 465 
While we found evidence for hybridization between P. evermanni and P. lobata here, no strong 466 
signal for introgression or F1 hybrids emerged from microsatellite data (Baums et al. 2012, 467 
Boulay et al. 2014) for > 650 ETP Porites colonies.  This disagreement is consistent with a 468 
scenario where most introgression occurred soon after initial contact between the species in the 469 
eastern Pacific, but also with differences in the data and analyses employed.  Processes that sort 470 
to equilibrium values rapidly will be sensitive to recent demographic change, but at the expense 471 
of destroying information on older conditions. Nuclear sequence markers, for example, can 472 
reveal older historical patterns of population growth than mitochondrial ones due to differences 473 
in the effective population sizes of the two genomes (Eytan and Hellberg 2010).  Similarly, the 474 
coalescent approach underlying IM will reflect migration averaged over long periods of time 475 
(Marko and Hart 2012), whereas STRUCTURE, resting in part on linkage disequilibria among 476 
loci, will be sensitive to population mixing over far shorter time scales (Rosenberg et al. 2001).   477 
 478 
Conclusions 479 
The genetic data presented here are consistent with the view that reef corals resettled in the 480 
eastern Pacific following an early Pleistocene extinction (Dana 1975, Cortés 1986).  More 481 
surprising are the dynamics of that recolonization.  First, two species of the genus Porites did not 482 
arrive simultaneously, but rather the species whose present day distribution suggests greater 483 
tolerance to marginal conditions (P. evermanni) did so first.  Second, establishment of the 484 
second, more environmentally sensitive species (P. lobata) was accompanied by introgression 485 
from its resident congener.  Future, more loci-rich work should test whether particular genes 486 
were transferred from P. evermanni to P. lobata and facilitated survival of the latter in eastern 487 
Pacific (as did restricted transfers to modern humans from Neanderthals, S nkaraman et al. 488 
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Table 1- Evidence ratio and information theoretic statistics for both regions based on likelihood 826 
scores derived from IMa2. The first three letters in each model represent the three population 827 
sizes (ancestral and two descendants); identical letters indicate no difference in these parameters. 828 
The last two letters represent migration to P. lobata and to P. evermanni, respectively; zero (0) 829 
here indicates one-way migration. k = number of parameters in the model, model likelihoods = 830 
relative likelihood of the model given the data; wi = model probabilities; evidence ratio = 831 
difference in probabilities between the proposed model and the best model.  Models with 832 
probabilities <0.5% are not shown. 833 
 834 
Eastern Pacific      835 
   Model    Evidence Ratio  836 
Model  k Likelihoods wi  (best/model) 837 
 838 
ABC DE 5 1  0.695  839 
ABB DE 4 0.138  0.096  7.26 840 
ABC D0  4 0.138  0.096  7.26 841 
AAA  DD 2 0.027  0.019  36.88 842 
ABA DE 4 0.025  0.017  40.23 843 
ABB DD 3 0.023  0.016  42.70 844 
AAC DD 3 0.022  0.015  46.16 845 
AAA  DE 3 0.015  0.010  67.35 846 
ABC DD 4 0.013  0.009  79.97 847 
ABA DD 3 0.012  0.008  84.68 848 
AAC DE 4 0.011  0.007  93.14 849 
AAC 00  2 0.007  0.005  139.0 850 
   851 
 852 
Hawaii/Central Pacific      853 
   Model    Evidence Ratio 854 
Model  k Likelihoods wi  (best/model) 855 
 856 
ABB 00  2 1  0.404  857 
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ABB DD 3 0.368  0.148  2.72 859 
ABC 0D  4 0.151  0.061  6.62 860 
ABC DD 4 0.151  0.061  6.62 861 
ABC D0  4 0.151  0.061  6.62 862 
ABB DE 4 0.135  0.055  7.39 863 
ABC DE 5 0.056  0.022  17.98 864 
ABA 00  2 0.036  0.014  27.97 865 
ABA DD 3 0.013  0.005  76.05 866 
   867 
Table 2 - Divergence time (years) estimates between eastern and central Pacific populations 868 
 869 
      P. evermanni   
 871 
P. lobata 870 
 872 
High Point Prob Distribution   1,001,824   137,013 873 
 874 
95% Lowest Prob Distribution  511,695   53,363 875 
 876 
95% Highest Prob Distribution  3,919,072   2,883,035 877 
Figure Legends 878 
 879 
Fig. 1 - The tropical eastern Pacific Ocean, with the four collecting sites and the Eastern Pacific 880 
Barrier that divides them indicated. 881 
 882 
Fig. 2 - Maximum likelihood gene trees for five single-copy nuclear genes from Pacific species 883 
of Porites.  Labels indicate the nominal morphospecies, following by their location of origin and 884 
an individual sample identifier (see Appendix S1).  Alleles from P. lobata are in green, those 885 
from P. evermanni are in red.  _1 and _2 arbitrarily label the different alleles found in 886 
heterozygotes.  Samples without these suffixes were homozygous.  Bootstrap values above 60% 887 
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Fig. 3 - Phylogenetic networks representing relationships between Porites samples obtained from 890 
the combined POFAD analysis of five nuclear gene sequences.  Four divergent outgroup taxa (P. 891 
hawaiiensis, P. lichen, P. randalli, P. lutea SamA) have been removed to emphasize 892 
relationships within and between the P. evermanni and P. lobata clusters.  Analyses for 4 and 5 893 
loci include fewer samples because of incomplete data sets for loci ATPaseβ and MM271. 894 
 895 
Fig. 4 - Estimates of genetic exchange between Porites evermanni and P. lobata in Eastern 896 
Pacific and Hawaii from IMa2 based on five single-copy nuclear loci. 897 
 898 
Fig. 5 - Migration estimates between populations in the Eastern Pacific and further west (mainly 899 
Hawaii) for (left) Porites evermanni and (right) P. lobata from IMa2 based on five single-copy 900 
nuclear loci. 901 
 902 
Fig. 6 - Divergence time estimates for Eastern Pacific populations of Porites evermanni and P. 903 
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